We present the light-curves and spectra of 24 afterglows that have been monitored by Fermi-LAT at 0.1-100 GeV over more than a decade in time. All light-curves (except 130427) are consistent with a single powerlaw starting from their peaks, which occurred, in most cases, before the burst end. The light-curves display a brightness-decay rate correlation, with all but one (130427) of the bright afterglows decaying faster than the dimmer afterglows. We attribute this dichotomy to a quick deposition of the relativistic ejecta energy in the externalshock for the brighter/faster-decaying afterglows and to an extended energy-injection in the afterglow shock for the dimmer/slower-decaying light-curves. The spectra of six afterglows (090328, 100414, 110721, 110731, 130427, 140619B) indicate the existence of a harder component above a spectral dip/ankle at energy 0.3-3 GeV, offering evidence for an inverse-Compton emission at higher energies, and suggesting that the harder power-law spectra of five other LAT afterglows (130327B, 131231, 150523, 150627, 160509) could also be inverse-Compton, while the remaining softer LAT afterglows should be synchrotron. Marginal evidence for a spectral break and softening at higher energies is found for two afterglows (090902B and 090926).
INTRODUCTION
Using the Fermi Science tools and the Fermi-LAT photon database, we identify 24 afterglows that have been followed by LAT over more than a decade in time. We construct the light-curves and spectra of those afterglows, visually search for correlations, fit them with simple power-laws (and broken power-laws for spectra), and compare the resulting fit indices/exponents with the expectations for the forward-shock model, all in an broad-brush attempt to identify generic features of that model that could explain the light-curve correlations and spectra features.
Our selection of well-monitored LAT afterglows, meaning afterglows monitored for more than a decade in time implies the exclusion of those afterglows that had a too fast fall-off after their first detection, especially if such afterglows were dim at early times (during the prompt-emission phase). From the First Fermi-LAT GRB catalog (Ackermann et al 2013a) , 10 afterglows that display a long-monitored light-curve are included in the current sample. To those, we add another 14 afterglows with well-monitored light-curves, the current sample containing 21 percent of the 108 afterglows detected by LAT during the first 7 2 / 3 years. In other words, LAT detects on average one GRB afterglow per month, but only one out of four (about 3/year on average) is a well-monitored afterglow.
In addition to the First LAT GRB catalog, the LAT lightcurves and spectra of some of the afterglows in our sample have been previously published in other articles: 080916C (Abdo et al 2009a) , 090217 (Ackermann et al 2010b) , 090510 (Ackermann et al 2010a, Ghirlanda, Ghisellini, Nava 2010) , 090902B (Abdo et al 2009b) , 090926 (Swenson et al 2010 , Ackermann et al 2011 , 110721 (Axelsson et al 2012) , 110731 (Ackermann et al 2013b) , 130427 (Fan et 
HOW AFTERGLOW LIGHT-CURVES AND SPECTRA ARE CALCULATED AND FIT
The "event" and "spacecraft" data used here were downloaded from the Fermi-LAT database at http://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi and processed using the Fermi Science tools at fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/references.html. The event files are downloaded with "extended" option that includes "transient"-class photons, having more background. The transient-class photons are used in the construction of afterglow light-curves, while spectra are obtained using "source"-class photons that have a lower background.
Selection cuts on the event data files are done using the GTSELECT tool. The cuts include: selection of photon-class (16 for transient, 128 for source) above 100 MeV, within a Search Region radius of 10 o around the burst location, starting at the burst trigger time, and exclusion of photons close to Earth's limb (at zenith angle 112 o ). Events within the time range when the data are valid are retained using the GTMKTIME tool. Tool GTBINDEF is used to create the logarithmic time and energy-grids for light-curves and spectra. Photon counts with specified time-binning are obtained using the GTBIN[LC] tool and the full-exposure (LAT effective-area, i.e. integrated over the afterglow spectrum and corresponding to the photon incidence angle at each time, multiplied by the exposure-time corresponding to each time-bin) are added to the light-curve file using the GTEXPOSURE tool and the appropriate instrument response function: P8R2 TRANSIENT020 V6 for transient-class photons and P8R2 SOURCE V6 for source-class photons. Photon fluxes above 100 MeV are calculated by dividing photon counts by the full-exposure of each time-bin. Photon counts on a given time and energy-grid are calculated with GTBIN[PHA2] tool, from where spectra are obtained by dividing by the fullexposure calculated with the GTEXPOSURE tool on the spectral time-binning. Spectra are corrected for the LAT effectivearea dependence on the photon energy (fig 15 of Atwood et al 2009), which for photons at normal incidence can be well-approximated by A(E < 1GeV ) = A 0 [1 + 0.6 log(E/GeV )] and A(E > 1GeV ) ≃ A 0 , the coefficient 0.6 having a weak dependence on the incidence angle θ (e.g. it is 0.7 for θ = 60 o ). Figure 1 shows the light-curves and spectra of GRB afterglow 130427, and assesses the effects of using transient or source-class photons, as well as that of the size of the region around the source over which photons are counted. Detector background photons account for 46 percent of the transientclass photons in the lowest energy channel (100 MeV) shown in the right-upper panel, with that proportion decreasing strongly with photon energy, such that there are no background photons above 2 GeV (i.e. all transient-class photons are sourceclass). Consequently, spectra built with source-class photons are slightly harder than those constructed with transient-class photons. The effect on light-curves (left-upper panel) is often un-noticeable because, in the calculation of the full-exposure, we used the detector response-function corresponding to each photon class.
Afterglow light-curves are calculated within a search area radius of 10 o around the burst, but a search area of only 5 o is used for dimmer afterglows that reach the background in less than a decade in time after the peak or after the first measurement. If that background is mostly the isotropic celestial background, then a reduction by a factor two in the search radius lowers the background by a factor four, which, for a flux decay F ∝ t −1 , extends by 0.5 dex the measurement of the afterglow powerlaw flux decay before is becomes lost in the background. An ever stronger reduction of the background results if most of that background is from a steady source near the burst. That is the case for GRBs 110731, 130327B, 150902, and 150627, which are at several degrees from the Galactic plane, and for GRBs 150523 and 150627 which occurred at 7 o off the Vela pulsar.
The LAT point-spread function being P SF (E) = 3.5
o (E/100M eV ) −0.8 for on-axis photons, and having a slow increase with the incidence angle (e.g. the coefficient is o region loses about 5 percent of same photons, with the loss of photons being negligible above 200 MeV, for which
o . Therefore, using a source region of only 5 o (for the reasons discussed above) leads to a small flux decrease (see light-curves in the lower-right panel of Fig 1) , and the corresponding loss of predominantly lower energy photons yields slightly harder spectra (as illustrated in the right-lower panel).
In summary of the above and of Figure 1 , light-curves will be calculated using transient-class photons integrated over 5 o or 10 o around the source although neither the choice of photon class nor the size of the source region affect much the index of the afterglow flux power-law decay, while spectra are calculated using source-class photons integrated over 10 o around the source, in order to obtain a reliable spectral slope, although that aim will be too often defeated by the paucity of high-energy photons (above 1 GeV), which will lead to uncertainties in the best-fit power-law exponent that exceed the accuracy ∆β < ∼ 0.2 allowed by the use of (lower background) source-class photons.
The afterglow light-curves and spectra obtained with the Fermi Science tools as described above are fit with powerlaws, as is routinely done for GRB afterglows observed at lower photon energies: radio (1-100 GHz), optical (1-3 eV), or X-ray (1-10 keV). Power-law spectra are expected for the emission from shock-accelerated electrons, whose distribution with energy is a power-law dN e /dE ∝ E −p . Then, synchrotron energy-spectra from such electrons will be a powerlaw E(dN γ /dE) ∝ E −β with the spectral index β = (p−1)/2. Adding to such power-law spectra a power-law dynamics of the source (i.e. Lorentz factor and number of emitting electrons that evolve as power-laws in observer-time) leads to powerlaw afterglow light-curves dN γ /dt ∝ t −α , as predicted by Mészáros & Rees (1997) for the synchrotron emission from an adiabatic forward-shock driven by a relativistic outflow in the circumburst medium (see also Kumar & Barniol Duran 2009) and for the synchrotron emission from cooling electrons that were accelerated by the reverse-shock crossing the GRB outflow at early times. The power-law light-curves also stand for non-adiabatic shocks provided that energy is added (Rees & Mészáros 1998) to the external shock (reverse and forward shocks) in a power-law fashion. The upscattering of a powerlaw synchrotron spectrum by a power-law distribution of electrons leads to power-law inverse-Compton spectra (one of the input power-law suffices) of same slopes as the synchrotron spectrum and to power-law light-curves of steeper decay (larger index α), as shown in table 2 of Panaitescu & Vestrand (2012) .
The following are worth mentioning about the sample selection and power-law fits to their light-curves and spectra.
Our selection of long-monitored LAT afterglows excludes afterglows whose flux exhibits a too fast decay into the background, similar to a typical X-ray light-curve measured by Swift-XRT. With three exceptions (GRBs 090510, 110731, 130427) , all other light-curves are well fit by a single power-law (χ 2 ν < ∼ 1) from their peaks to the last measurement above the background, 130427 being the only afterglow with a light-curve break, the other two exceptions displaying a single fluctuation above a power-law decaying flux, after the burst for 090510, at the burst end for 110734. Spectra are fit with a power-law starting from the lowest energy channel (100 MeV) and up to highest energy for which the measurement is not more than 1σ above the power-law fit. Spectra are not always fit up to the highest energy channel (100 GeV), with the higher energy channels having sometimes only a flux 1σ upper limit, even if the resulting fit were acceptable. That is done for a few reasons, all related to the possible existence of a hard spectral component at higher energies (above few GeV). One reason is that the power-law fit illustrates better the existence of that hard component. Second reason is that χ 2 overestimates the fit quality when some channel fluxes lie predominantly on one side of the power-law fit. Third reason is to determine accurately the spectral slope β at the lower energy channels, where most photons are, because that is the slope that should be related to the index α of the afterglow flux power-law decay.
Power-law best-fits are determined by minimizing
where F obs,i is the measured flux, F pl,i is the power-law model flux. For light-curves, σ i is the 1σ uncertainty of the photon flux F obs,i ≡ dN/dt, but for spectra it is the Poisson statistics uncertainty of the model power-per-decade F pl,i ≡ (lower row). Right row: spectra E 2 (dN/dE) ∝ E 1−β are fit with single power-laws, with the best-fit exponent 1 − β indicated. Left row: light-curves for photons above 100 MeV are fit with a single power-law t −α over the time-range 20-600s, the best-fit decay exponent −α and its uncertainty being indicated. (At 600-3000s, the afterglow is behind by the Earth.) After 10 ks, most LAT photons are the celestial background, consistent with the factor four difference between the photon fluxes in source regions of 5 o and 10 o shown in the lower-left panel. Upper panels: transient-class photons contain more detector background than source-class photons, but that does not change significantly the light-curve decay index α (upper-left panel). Because most instrument background photons are at low energy, their removal leads to source-class spectra that are harder than transient-class spectra by ∆β = −0.17 ± 0.08 (right-upper panel). Lower panels: because P SF (100M eV ) = 5 o , increasing the source-region size from 5 o to 10 o increases slightly the photon flux but leaves unchanged the flux decay index α (lower-left panel); adding that LAT's P SF (E) ∝ E −0.8 , means that doubling the source-region size leads to a softer spectrum, by ∆β = 0.16 ± 0.11 (lower-right panel). Upper-right panel: the reduction of ∆χ 2 = 2.8 in the chi-square from a single power-law fit (blue solid line) to the 20-600 s source-class photon spectrum to a broken power-law fit (dashed black line) has a 1.8 percent probability of occurring by chance (according to the F -test). The broken power-law best-fit has a break energy E * ≃ 2 GeV and spectral slopes below and above the ankle are β lo = 1.0 and β hi = 0.6. Ackermann et al (2014) have identified a hard spectral component with β = −1/3 at earlier times, 4.5-11.5 s, during the prompt emission phase.
where σ(C pl ) = C pl and C pl = (dN/dE)∆EA∆t is the model photon-count in channel of energy E, ∆E being the width of that channel, ∆t the spectrum integration-time, and A the detector effective area (A∆t is the full-exposure calculated by the GTEXPOSURE tool).
The reason for using the model flux uncertainty instead of the measurement uncertainty obtained with the GTBIN tool is that the latter is calculated by summing over Poisson distributions of all integer average flux C o , each distribution being weighted by the Poisson probability of measuring a flux C obs if the true flux were C o .
1 Consequently, for lower-energy channels (below 1 GeV), which often have few/several photons, the weighted-Poisson uncertainty calculated by GTBIN is σ gtbin (C obs ) ≃ √ C obs and Poisson statistics for the power-law model counts C pl (which is equal with the measured counts C obs when the best-fit is reached) is good enough for estimating the measurement uncertainty and for using in the χ 2 calculation. However, for higher-energy channels (above 1 GeV), which always have a few photons, σ gtbin (C obs ) > √ C obs and the use of measurement errors calculated by GTBIN would give little weight to the high-energy channels in determining the best-fit power-law. In that case, the use of model count uncertainty leads to a more accurate determination of the best-fit power-law index.
1σ uncertainties of the exponent of the best-fit power-law to light-curves and spectra are determined from an increase ∆χ 2 = 2.3 above the minimal χ 2 of the best-fit, i.e. the uncertainties are calculated for the joint variation of both fit parameters (normalization and power-law index) These uncertainties are about 50 percent larger than those obtained by varying only one parameter of interest (the slope), which corresponds to ∆χ 2 = 1.
AFTERGLOW LIGHT-CURVES
The power-law fits to the light-curves and spectra of 24 wellmonitored LAT afterglows are shown in Figures 2 and 3 , and the best-fit power-law exponents are listed in Table 1 . About two-thirds of light-curves show that the LAT light-curve peak occurred during the burst and the light-curves do not show any deviation from a power-law at the end of the burst, indicating that the prompt emission mechanism does not contribute much to LAT emission above 100 MeV after the light-curve peak. This implies that, for a majority of afterglows in our sample, the LAT post-peak emission is a spectral component brighter than the extrapolation to 100 MeV of the Band spectrum of the prompt/burst MeV emission. The joint spectral analysis of Fermi-GBM and LAT data during the burst phase shows that to be the case for GRB 080916C ( (Giuliani et al 2014) , but there is also a claim that the Band function describes well the entire GBM and LAT burst measurements over five decades in energy, for GRB 090217 (Ackermann et al 2010b) .
All fits are plotted together in Figure 4 (left panel), which suggests a correlation between the afterglow brightness and its decay: brighter afterglows decay faster than dimmer afterglows. For the fast-decaying afterglows with α > 1, most of their energy release occurs at the light-curve peak, while for slowdecaying afterglows with α < 1, most of their energy release occurs well after the peak. Part of the above correlation is a selection effect because retaining only afterglows that have been long monitored excludes dimmer afterglows with a fast fall-off, as they get below the background in less than a decade in time since first detection. However, the rest of that correlation is real: bright afterglows with a slow dimming rate are absent, with the exception of 130427. Given that the brightness distribution at 10 s has a width of 2 dex, which is at least 1 dex more than what the spread by a factor 2-3 in redshift can induce, the brightnessdecay correlation implies a luminosity-decay correlation.
A similar correlation was observed for the optical emission of afterglows displaying an early fast-rise to a peak at about 100s (Panaitescu & Vestrand 2008) . The energetic output of the brighter/fast-falling optical light-curves was found to be better correlated with the GRB output than for the dimmer/slowlydecaying optical light-curves (Panaitescu & Vestrand 2011) , which suggests that the above dichotomy (bright+fast decays and dim+ slow-decays) of optical afterglows is due to how the outflow energy is deposited in the external shock: impulsive outflows (released on a short timescale) lead to bright optical afterglows (because all outflow's energy was quickly deposited in the shock) while extended outflows yield dimmer optical afterglows (because only a fraction of the entire outflow energy was in the afterglow shock at early times) and to a slower-decaying optical light-curves (because of the long-lived energy injection in the external shock).
We extend the above conclusion reached with a sample of 33 optical afterglows to the current 24 LAT afterglows, and attribute the bright/faster-decaying afterglows to an impulsive release of the relativistic ejecta and the dimmer/slower-decaying afterglows to an extended ejecta release.
For more than half of the light-curves of Figures 2 and 3 , the 1-50 s LAT light-curve peak occurs during the prompt GRB emission. Optical light-curves also display peaks, but at later times (50-1000s). The difference in peaks epochs is due to 1) a selection bias against late LAT peaks, which may be too dim to allow a long-monitoring of the afterglow, and 2) an observational bias against early optical peaks, which may be missed due to the latency of robotic optical telescopes to respond to GRB trigger notices. A minority of Swift X-ray afterglow lightcurves also display a peak after 100 s (Panaitescu, Vestrand, Wozniak 2013) , because peaks occurring earlier are overshined by the prompt emission.
Therefore, LAT afterglow observations are best to catch the earlier light-curve peaks. As for the optical and X-ray lightcurve peaks, we propose that the most likely reason for the LAT peaks is the onset of the forward-shock deceleration, although other explanations are possible: 1) light-curve peaks at any observing frequency arise if the direction toward the observer is not initially within the jet opening, when the jet has decelerated enough that the direction toward the observer has entered the relativistically-beamed emission cone, 2) LAT light-curve peaks could be due to the emission above 100 MeV becoming optically-thin to pair-formation.
If light-curve peaks arise from the onset of deceleration, then the peak epoch is
where E k is the isotropic-equivalent kinetic energy of forwardshock at time t p , Γ 0 is the ejecta initial Lorentz factor, z is the afterglow redshift, and n is the external medium proton density at the deceleration radius R d , where the forward-shock has swept-up a mass Γ 0 smaller than that of the ejecta. Panaitescu et al (2013) have shown that variations in the ambient medium density among afterglows lead to a peak-flux F p -peak-epoch t p anticorrelation consistent with that measured for 30 optical peaks:
Variations in Γ 0 lead to an anticorrelation of a smaller slope, while those in E k produce a correlation. Performing the same test with LAT light-curves requires more than the seven light-curve peaks (shown in Figures 2 and 3 ) of afterglows with known redshift.
Continuing with the generally-accepted identification of the LAT afterglow emission with the forward-shock's (e.g. Kumar & Zhang 2015) , we compare in Figure 4 (right panel) the temporal and spectral power-law indices (α, β) with the expectations for that model. The forward-shock model predicts a closure-relation α = kβ + c with k depending on the shock geometry (spherical, conical jet, sideways spreading jet) and radiation mechanism (synchrotron, inverse-Compton) dominant at the observing frequency and c depending on the radiation mechanism, radial distribution/stratification of the ambient medium (homogeneous, wind-like), and location of the observing frequency relative to the breaks (peak, cooling) of the afterglow Figure 2 , for another 12 afterglows well-monitored by LAT. Spectral energy-bins extend over a factor two. Single power-law fits are made starting from 100 MeV and up to where measurements can be fit within their error. Numbers give the slope −β of the power-law F E spectrum (Table 1) . Triangles without error bars show 1σ upper limits. (Because the GTBIN tool assigns a statistical uncertainty of 1.9 photons for any non-detection and because the energy channel binning used here satisfies ∆E ∝ E, all non-detections follow E 2 (dN/dE) ∝ E). Dashed lines show broken power-law fits (labeled "IC!") for which the higher-energy harder component was found to have a confidence level of at least 90 percent (Table 2 ). Spectra harder than F E ∝ E −1 (labeled "IC?") are also candidates for inverse-Compton emission. For 130427, we find good evidence for inverse-Compton above the spectral break at 1-20s and at 100-600s, and also in TABLE 1 Indices of power-law fits to the light-curves dN/dt ∝ t −α and spectra F E = E(dN/dE) ∝ E −β of GRB afterglows that have been followed-up by Fermi-LAT over at least a decade in time. 1σ uncertainties of the best-fit slopes are for the joint variation of both fit-parameters (slope and normalization). ∆t is the time interval over which the power-law fit was done. The power-law spectrum fit is over the lower energy channels where all measurements are within their 1σ uncertainty of the model flux (see Figures 2 and 3) . bpl are for the single power-law and broken power-law best-fits to ten-energies channels. E * is the best-fit value for the dip energy, above which the spectrum hardens, and its 1σ range was determined by a ∆χ 2 = 1 increase around the best fit. spectrum (see table 2 of Panaitescu & Vestrand 2012 for all possible values of c and k, including also the effect of energy injection in the blast-wave). Thus, the α − β correlation expected for the forward-shock is that softer afterglows should decay faster. The linear correlation coefficient of the decay indices and spectral slopes shown in Figure 4 is r = 0.29 ± 0.26. A similarly weak correlation is manifested by Swift X-ray afterglows at early times (figure 4 of Panaitescu 2007). The r = 0.29 corresponds to a 20 percent probability of this correlation occurring by chance, and the weakness of this correlation could be due to 1) more than one forward-shock sub-model occurring in LAT afterglows and to 2) the limited baseline of both indices. The large σ r < ∼ r reflects the substantial uncertainties of one or both indices and makes the α − β correlation only marginally significant.
Given the large uncertainty in the temporal and spectral indices shown in Figure 4 , nearly all LAT afterglows are consistent with a forward-shock without energy injection. Still, half of the slowly-decaying LAT afterglows (α < 1) display decays slower than for the slowest decay expected from an adiabatic forward-shock (synchrotron emission with synchrotron cooling energy below 100 MeV). Thus, Figure 4 offers some evidence for a sustained energy-injection in the forward-shock.
Last note about the light-curves shown in Figures 2 and 3 is that the LAT flux decay appears to be consistent with the contemporaneous light-curve measured by Swift-XRT at 1-10 keV in four cases, to the extent that the X-ray flares present in all those four afterglows can be ignored. We note that six LAT afterglows display a flux-decay slower than dN/dt ∝ t −3/4 , which would be the LAT counterpart of the X-ray plateaus seen by Swift-XRT in a many afterglows (e.g. Nousek et al 2006) . 4 . AFTERGLOW SPECTRA 
High-energy hard spectral component from inverse-Compton
Out of the 24 LAT afterglows considered here, we find evidence (above 90 percent confidence level) of a harder component at higher-energies (above a dip or ankle energy) in six cases, which are listed in Table 2 . With ∆χ 2 = χ 2 spl − χ 2 bpl the reduction in χ 2 produced by the addition of another power-law at higher energies and the reduced chi-square χ 2 ν = χ 2 bpl /ν of the broken power-law fit, the probability that the ∆χ 2 reduction is accidental follows the F -distribution P (F ; 1, ν), where F = ∆χ 2 /χ 2 ν and ν = 6 is the number of degrees of freedom for the broken power-law fit (10-channel fluxes minus four model parameters). Then, 1 − P (F ; 1, 6 ) is the probability for the hard spectral component being real (listed in Table 2 ).
If both spectral components are from the same shock, then it seems natural to conclude that the lower-energy component is synchrotron and the higher-energy component is inverse- 2) in blue. 130427 is the only case with a clear light-curve break/steepening, and its break at 4 ks is chromatic, not seen at any other wavelength (optical or X-ray). Right panel: flux decay-index α vs the index β of the power-law energy spectrum. Dots show 1σ uncertainties. Lines indicate the α − β relation expected for the synchrotron and inverse-Compton emissions from an adiabatic forward-shock interacting with a homogeneous medium or a wind-like one, with the LAT range being located below or above the spectral cooling-break corresponding to the electrons whose radiative cooling-time equals the timescale over which a new generation is produced (i.e. the afterglow dynamical timescale). Lines in the histograms of indices α and β show the corresponding average values. Faster-decaying light-curves may be associated with an impulsive ejecta release, while slower-decaying afterglows with energy injection in the forward-shock. Harder spectra could be inverse-Compton dominating the LAT emission, while softer spectra are more likely to be synchrotron emission.
Compton. At such high energies, the afterglow synchrotron emission is most likely measured above the cooling break, where the spectral slope of F E is β l = p/2, with p being the index of the power-law distribution of electrons with energy in the shock. For the higher-energy component to be harder than the synchrotron emission at lower energies, the inverse-Compton spectrum must be measured by LAT below the upscattered cooling break, where the spectral slope is β h = (p − 1)/2. Therefore, in this interpretation of the spectral dip of the six afterglows of Table 2 , one expects a spectral hardening across that dip by β h − β l = 1/2, which is compatible with (or less than) the hardening ∆β displayed by the spectra of Figures 2 and 3 , but not clearly inconsistent with them because the high-energy spectral slope is very uncertain.
If this synchrotron self-Compton interpretation of the LAT spectra with a break is correct, and if the LAT emission arises in the forward-shock, then the dip energy E * can be calculated by equating the synchrotron and inverse-Compton fluxes:
the cooling-break energy of the synchrotron spectrum and Y < 1 the Compton parameter. From here, one obtains GeV (4) for a homogeneous external medium of proton density n (in this case, E * is time-independent) and E * = 5 E k 10 53 erg 0.5 ε e 10 −3 −2 10 −9 ε B t 100 s
1.5
GeV (5) for the n ∝ r −2 wind of a Wolf-Rayet star (as the GRB progenitor), with E k the forward-shock kinetic energy, ε e and ε B the post-shock fractional energies in electrons and magnetic field, respectively, and redshift z = 1 was assumed.
2 The above equations indicate that, if the shock is adiabatic (no energyinjection) and if the two micro-parameters do not evolve, then the dip energy E * is constant for a homogeneous medium and increases for a wind-like medium. The multi-epoch spectra of Figures 2 and 3 provide a very weak support for a constant or a decreasing dip energy E * .
Also from the above two equations, it is evident that E * may fall below 100 MeV, in which case all LAT emission would be inverse-Compton. Because the synchrotron spectrum above 100 MeV can only be softer than the inverse-Compton, it seems natural to correlate the hardness of LAT spectra with the afterglow emission process and attribute spectra softer (harder) than β = 1 to synchrotron (inverse-Compton). Afterglows 130327B, 131231, 150523, 150627, and 160509, as well as 130427 at the second epoch shown in Figure 2 , display a hard power-law over the entire LAT range; we suggest that the LAT emission of those afterglows was inverse-Compton.
Spectral steepening due to photon-photon absorption
If the high-energy afterglow emission is optically-thick to pair-formation above an energy E τ that falls within the LAT range, then a steepening of the spectrum above that "cut-off" energy should be observed. This attenuation is most likely to be seen early during the afterglow, when the source is smaller and the pair-formation opacity larger. Assuming that the source Lorentz factor is of at least a few hundreds, an observed 1 GeV photon will form pairs with photons of threshold-energy above 10 MeV. While there could be a measurable output above 10 MeV from the sub-MeV burst mechanism, those target photons are dimmer than the emission above 10 MeV of the brighter afterglows of interest here (see below), thus we will restrict to pair-formation of afterglow photons on other afterglow photons.
For the pair-formation in an un-decelerated source, which is applicable for the external-shock at the peak of its lightcurve, we (i.e. I, Panaitescu 2015) have shown that the opticalthickness is
where Φ is the photon fluence, Γ is the source Lorentz factor, both functions of the observer time t, and β is the afterglow energy-spectrum slope. The cut-off energy E τ defined by τ (E τ ) = 1 is therefore
assuming β = 1. Given that, for the expected blast-wave energetics (comparable to the burst output) and ambient medium density, afterglows could be even more relativistic than Γ = 200 at t = 10s, the above equation shows that a cut-off energy in the LAT range could be seen only for the brightest afterglows in Table 1 . If E τ is measured at some time t, for an afterglow of fluence Φ(t) ∼ tF (t), then the source Lorentz factor can be determined:
For the attenuation of a photon-front with itself, the fraction of escaping photons is (1 − e −τ )/τ , where τ is the above optical-thickness of the entire front (for a photon passing through it), thus an intrinsic F 0 (E) ∝ E −β emission spectrum becomes an attenuated one:
therefore
Thus, the cut-off due to photon-photon absorption is not the exponential reduction expected for a photon passing through the entire front, but a break to a steeper power-law (hence E τ is just a "break" energy), owing to those photons produced in the outer one optical-depth, which escape unabsorbed.
Equation (7) shows that the photon-attenuation break-energy E τ increases with the light-curve peak epoch and with decreasing peak fluence. Given that there are fewer photons at higher energies, where a spectral break can be lost in statistical fluctuations, the best chance to measure E τ is for fluence-bright LAT light-curve peaks that occur the earliest.
In our sample, we find only two early afterglow spectra that display a softening break, as shown in Figure 5 . Their spectra were fit with both a power-law and the attenuated power-law given in equation (9). An F -test indicates that the break in the 0-20s spectrum of 090902B is not statistically significant, while that of 090926 is just marginal, at 1σ confidence level. That is not surprising, considering that the fluxes measured by LAT in the higher energy channels fall short by only two photons relative to the unabsorbed spectrum (the extension to high energy of the power-law fit to the lower-energy fluxes). For the best-fit break energies, E τ = 20 GeV for 090902B and E τ = 7 GeV for 090926, and for their peak fluences and redshifts, equation (8) yields about the same source Lorentz factor Γ τ ≃ 400 at 10 s. Taking into account the large uncertainties in determining those break energies, only lower limits can be set: Γ > 330 for 090902B and Γ > 350 for 090926.
3
The attenuated spectra of Figure 5 indicate that a strong evidence for a power-law softening at higher energies requires that each power-law branch is measured over a decade in photon energy and that the highest energy channel has at least one photon. With a ∆E ≃ E energy-binning of the spectrum, the number of photons per energy-channel follows N (E) ∝ E −β , for an unabsorbed energy-spectrum F 0 (E) ∝ E −β . Starting with the minimal N (10 GeV ) = 1 photon in the 10 GeV channel, and going toward lower energies with an attenuated F (E) ∝ E −2β spectrum, requires N (E τ ) = 10 2β photons at E τ = 1 GeV. From here, the unabsorbed spectrum would have N (0.1 GeV ) = 10 β N (1 GeV ) = 10 3β photons which, for an average LAT effective-area of 9000 cm 2 for on-axis photons, implies a fluence Φ = 10 3β−4 cm −2 . Thus, for the average spectral slope β = 1, an afterglow spectrum will show good evidence for the photon-attenuation broken power-law with a break at 1 GeV if its fluence at the light-curve peak is Φ = 0.1 cm −2 . Ten afterglows shown in Figures 2 and 3 have spectra harder than β = 1 and lower peak fluences, with measurements spanning 2-3 decades in energy, but do not show a spectral softening; instead, some display a harder component at higher energies. For those few afterglows with known redshift, equation (8) with E τ > 10 − 100 GeV can be used to set a lower limit on their Lorentz factor at the light-curve peak.
Steepening of the synchrotron spectrum
If the electron acceleration mechanism is first order Fermi and if the magnetic field is perpendicular to the shock, then the electron gyration time T L = 2π/ω L = 2πγm e c caught by the shock for another energy-gaining shock-crossing. However, if the magnetic field is parallel to the shock, then the Larmor period T L is a better approximation for the duration during which the electron losses its energy, because the electron exits the shock after a half-orbit. Thus, the gyration timescale T L , which increases with the electron energy γm e c 2 , brackets the time that an electron spends in the shocked fluid.
Electrons that lose their energy on a synchrotron-cooling timescale (assuming that inverse-Compton losses are weaker, Y < 1) T sy = γm e c 2 /P sy , with the synchrotron power P sy = (1/6π)σ e c(Bγ) 2 for a pitch-angle θ = π/2, shorter than the time ∼ T L (γ) that they spend in the shocked fluid will not exit the shock and be re-accelerated, thus the condition T sy (γ) = T L (γ) sets an approximate upper-limit on the energy that electrons can acquire through first-order Fermi acceleration:
where σ e = (8π/3)r 2 e is the electron scattering cross-section, with r e = e 2 /m e c 2 being the classical electron radius. Electrons of energy γ s (π/2) radiate synchrotron photons at a characteristic frequency
that is independent of the magnetic field strength B. The corresponding synchrotron-spectrum averaged energy, after a relativistic boost Γ and at a redshift z, is
If inverse-Compton is the emission process dominant at LAT energies, then the maximal upscattered photon energy corresponding to the maximal electron energy given in equation (11) is well above the LAT range. However, if the LAT emission process is synchrotron, then the spectral cut-off associated with the maximal electron energy could fall within the LAT energy range (equation 13), and its measurement determines the source Lorentz factor
Being softer, the emission of 090926 ( Figure 5 ) is more likely to be synchrotron. If its spectral break arises from the upper-limit on the energy that electrons acquire through shock-acceleration (E s > 4 GeV), then Γ > 250 for 090926 at about 10 s. If also synchrotron emission, the break of 090902B (E s > 8 GeV) implies Γ > 440.
Given that the synchrotron power depends on the electron pitch-angle, P sy ∝ sin 2 θ, the equality of the gyration period with the synchrotron cooling timescale leads to γ s (θ) = γ s (π/2)/ sin θ. Thus, electrons that enter the shock with an energy γ > γ s (π/2) will lose all their energy in the downstream region if their pitch-angle satisfies θ > θ c (γ) ≡ sin −1 [γ s (π/2)/γ] and will not cross the shock again and will not be re-accelerated. Conversely, electrons with pitch-angles satisfying θ < θ c (γ) will not lose all their energy before going back to the upstream region, thus such electrons could be accelerated to energies higher than their current γ. If the pitch-angle distribution is isotropic, then a fraction f (γ) = 1 − cos θ c (γ) = 1 − 1 − [γ s (π/2)/γ] 2 of the current generation of electrons with γ > γ s (π/2) will go to the next shock-crossing. Together with that the escape of electrons in the downstream region and in the loss-cone in the upstream lead to a power-law distribution with energy (dN e /dγ ∝ γ −p ), the radiative cooling for electrons with γ > γ s (π/2) means that, at γ s (π/2), the electron distribution steepens from dN e /dγ ∝ γ
for γ ≫ γ s (π/2). Because the slope of the synchrotron spectrum is β = (p − 1)/2, a steepening of the electron distribution by ∆p = 2 corresponds to a spectral softening by ∆β = 1. Thus, the synchrotron spectrum including the effect of electron radiative cooling during its acceleration (i.e. during one gyra-tion timescale) is
with E s given in equation (13). For the average spectral slope β = 1, the steepening of the synchrotron spectrum at E s due to electron cooling during one gyration period 4 given in equation (15) is the same as the softening at E τ due to photon-photon absorption given in equation (10).
Thus, LAT measurements of afterglow spectral breaks are unlikely to distinguish between the above two processes/mechanisms.
CONCLUSIONS
We have presented the light-curves and spectra of 24 Fermi-LAT afterglows observed in the first 7 2 / 3 years of operation (Figures 2 and 3) . The only selection criterion was that the light-curve was monitored over at least a decade in time. The reason for that is to allow the determination of the flux powerlaw decay and compare it with the spectral power-law slope. The average index of flux power-law decay for this set is α = 1.2±0.4. Together with that the celestial background is approximately 10 −5.5 photons/s above 100 MeV, in a 5 o region around the afterglow (the LAT PSF at 100 MeV), the above selection criterion implies that only afterglows brighter than about 10 −4
photons/s at peak or at first observation were retained. The price to pay for that severe selection is the exclusion of 80 percent of afterglows seen by LAT, which were too dim or decayed too fast.
Consequently, our selection criterion excludes dimmer afterglows with a fast decay and induces a brightness-decay correlation. Still, as shown in Figure 4 , six out of the seven brightest afterglows are fast-decayers, displaying a power-law decay index α > 1.2 (the exception being 130427), thus the brightnessdecay correlation is real. A similar correlation has been observed for optical afterglows (Panaitescu & Vestrand 2008) and has been attributed to how energy is deposited in the externalshock: short-lived ejecta outflows arrive quickly at the forwardshock and power bright afterglows, long-lived outflows deposit their energy slowlier and produce afterglows that are dimmer initially and which decay slower. Therefore, the bright/fast-decaying-dim/slow-decaying dichotomy of LAT afterglows could be one piece of evidence for a long-lived energy-injection in some afterglows, a process which was found to occur in a large fraction of Swift X-ray afterglows (Panaitescu & Vestrand 2012) . About one third of the LAT afterglows in our sample show a light-curve decay slower than expected for the synchrotron forward-shock emission and an impulsive ejecta release (Figure 4) , although often consistent with it, due to the large uncertainties of the flux decay indices and/or spectral slopes. That is a second evidence for the energy-injection in afterglows that an extended ejecta-release would yield.
The average slope of LAT afterglow spectra at lower energies (0.1-1 GeV) is β = 1.0 ± 0.3, with five afterglows (130327B, 131231, 150523, 150627, 160509) clearly being harder than β = 1 (i.e. their output peaks at a photon energy above LAT's range). Given that the inverse-Compton spectrum below the upscattered synchrotron cooling break is harder by ∆β = 0.5 than the synchrotron emission above the cooling break, we propose that the LAT emission of the hardest afterglows is inverseCompton. A better evidence for the latter spectral component is provided by six afterglows (Table 2 : 090328, 100414, 110721, 110731, 130427, 140619B) whose spectrum hardens above a dip energy of 0.3 − 3 GeV, indicating that synchrotron is dominant below the dip and inverse-Compton above it. In all, we find evidence for inverse-Compton emission being detected in 11 out of the 24 LAT afterglows considered here.
The early spectrum of one afterglow displays a softening, which could be due to either photon-photon absorption in the source or to a maximal energy that electrons acquire in afterglow shocks.
5 The former process softens the power-law F (E) ∝ E −β afterglow spectrum by ∆β = β at the breakenergy given in equation (7), the latter by a comparable ∆β = 1 at the break-energy given in equation (13). For each mechanism, a measurement of the break-energy determines the afterglow Lorentz factor (equations 8 and 14), while single powerlaw spectra setting only a lower-limit on Γ.
This work made use of the LAT data and Science Tools available at the Fermi Science Support Center, http://fermi.gsfc.nasa.gov/ssc/data/ 
